Supplementary Note 1. Crystallization, data collection, data analysis, and structure solution for the cryogenic synchrotron structure of T. elongatus PSI presented here.
Crystallization at low ionic strength offers potential to perform SFX studies of other difficult to crystallize proteins at MHz repetition rates. Most proteins are less soluble at low ionic strength compared to medium ionic strength. At low ionic strength protein interactions are enabled by hydrophilic interactions. As the surface of the protein is depleted of counter ions that effectively shield opposite charges on the surface of a protein, direct contacts between opposing surface charges induce the formation of crystal contacts. In contrast, crystallization at the other side of the phase diagram is induced when the solubility of the protein is decreased by addition of crystallization agents like PEG or at high ionic strength. Here, the protein and ions or PEG compete for the water needed for solvation. Thereby at high ionic strength or in the presence of PEG, hydrophobic interactions are enhanced. While crystallization at low ionic strength is not a novel method of crystallization 5 , it is rarely used for crystallization of membrane proteins. This is most likely a matter of convenience; vapor diffusion is the most common method for crystallization and is the basis of almost all robotic crystallization systems. While crystallization at low ionic strength is quite labor-intensive for standard crystallography, it is the a very useful method for growth of nano-and microcrystals for MHz crystallography. In addition to the advantages for SFX listed in the main text it is also easy to perform and is reproducible. Crystals form quickly by ultrafiltration crystallization, can be used as a final purification step and the method is also fully reversible (no "PEG skin" is formed that can prevent seeding when PEG is used for crystallization). Thereby, seeding is easily implemented and the protein can be crystallized and dissolved many times to obtain the desired crystal size and purity. Fig. 1 Cell growth and chromatography for PSI isolation. a 120 L photobioreactor used for growth of the thermophilic cyanobacterium T. elongatus. The photobioreactor allows for control of temperature (56 °C), CO2 and air intake (flow rates of air 1000 L/min with 40 mL/min CO2 enrichment flow, pH control (adjusted to pH=7.0), light illumination using red and white lightemitting diodes with light gradients that automatically adjust the light intensity to the cell density. b Representative chromatogram of the proteins solubilized from T. elongatus membranes by detergent extraction. PSI trimers were separated from phycobillisomes in the flow through and PSII (monomer and dimer, which also contain traces of PSI monomer) by anion exchange chromatography (DEAE, Toyopearl) using a step gradient of MgSO4 during FPLC chromatography. The elution of peaks was detected by a 3-wavelength detector monitoring the protein concentration at 280 nm (red line) and two wavelengths of light that correspond to the maximum absorption of chlorophylls in PSII at 672 nm and in PSI at 681 nm (blue and green lines, respectively). Fig. 2 Representative results of PSI crystallization test trials in varying concentrations of MgSO4 in buffer containing 5 mM MES pH=6.4 and 0.02% β-DDM. Please note that in this case only amorphous precipitate is observed in buffer without MgSO4. At 1 mM MgSO4 crystals of uniform size are observed but they show growth defects (like hollow crystals and crystals with rugged edges). The best crystals in this test are grown in the presence of 2 mM MgSO4. At higher MgSO4 concentration (3 mM) crystals become larger and grow into more needle-shaped crystals with a less uniform size distribution. Also, the crystal yield decreases as not all PSI is crystallized under these conditions (as evidenced from the green solution surrounding the crystals). Fig. 3 Bulk crystallization with seeding via RAMS (Rotational Agitated Mixing with Seeds).
Supplementary

TOP ROW:
The description starts at the top left with (1) crystals of PSI of broad size distribution that had been generated by concentration of PSI at low ionic strength by ultrafiltration. (2) The crystals are pelleted by centrifugation, (3) the supernatant is removed and (4) the crystals are dissolved by addition of buffer containing 100 mM MgSO4 to generate (5) a highly concentrated PSI solution at 100 mg/mL.
MIDDLE ROW:
In the next line the fast test experiment is shown to determine the ideal salt concentration for crystal growth. (6) 1 µL of the PSI solution is (7) mixed with 50 µL of a precipitant solution that contain nanocrystal seeds leading to (8) The reflection profile radius is the minimum size of a spherical reflection radius that accounts for the found peaks in the pattern. Diffraction profile radii increase due to indexing inaccuracy, mosaicity, or bandwidth. d 2D histogram of the diffraction resolution for all indexed patterns for each pulse ID within the pulse train, showing that the resolution distribution does not change significantly during the pulse train. The dark structure of PSI was determined from pulses ID's 4 through 40 (10 pulses). These plots were generated with the program DatView which is available at https://github.com/nstander/DatView. Supplementary Fig. 7 Monomer orientations within the trimeric T. elongatus PSI complex. A stromal view and three membrane-plane slices are shown for each of three structures. Left: The PSI structure previously solved in the P63 space group showing the symmetry mates that comprise the trimer. Middle: The cryogenic synchrotron structure solved herein. Right: The RT XFEL structure solved herein. In the stromal view (top), measurements were taken from the most peripheral atom within a 4Fe-4S cluster. In the stromal views, the red, orange, and grey lines correspond to the three slices below each. In each of the membrane-plane slices, the same atom (most peripheral atom in the 4Fe-4S clusters), the central Mg atom of the Chl a', and the central Mg of a peripheral Chl a (PsaB Chl 1233), are used to show the angle and distances.
In the structures solved in P21 without symmetry, one of the monomers of the trimer is further from the other two monomers. This monomer is colored darker than the other two in the middle and right columns. Supplementary Fig. 8 B-factor comparison of the three T. elongatus structures discussed in the main text. The "putty" view of the polypeptides is shown where larger and red means a higher Bfactor and smaller and blue means a lower B-factor. B-factor scale was from 20 -100 Å 2 . Supplementary Fig. 10 Packing of PSI in space group P21 from the structure of PSI from S. sp. PCC 6803 reported previously (PDB ID=5OY0) 11 . Unit cell edges a, b, and c are labelled. The arrangement of PSI trimers in the P21 unit cell is shown in a view onto the a/c plane (top) and in parallel to the a/c plane (bottom). PyMOL was used to generate symmetry mates within the unit cell. The membrane-normal (top) and membrane parallel (bottom) views of the protein are shown within the unit cell (while lines). Only protein secondary structure is shown for clarity. Supplementary Fig. 11 Example differences between individual monomers of the trimer without symmetry-imposed refinement of the XFEL model. The two images on the top are from "M1", the monomer of the trimer where the core polypeptides are composed of chains A and B in the associated PDB file. The two images on the bottom are from "M2", the monomer of the of the trimer where the core polypeptides are composed of chains G and H in the associated PDB file. On the left is a lumenal view of two TMH (one from each core polypeptide) that sits below the primary electron donor, a pair a Chl molecules called P700. On the right shows a region toward the lumenal edge of PsaA near the monomer-monomer interface. Both differences in density and structure are labelled; however, note that at 2.9 Å resolution, these differences are considered negligible. The 2Fo-Fc map is shown at 1.5σ for all panels. Supplementary Fig. 12 PSI microcrystal unit cell distribution. PSI microcrystals were determined by indexing EuXFEL SFX data with MOSFLM 12 . The red lines show a Gaussian function fit to the unit cell constant distribution and the corresponding peak value is listed in each sub-panel. Supplementary Fig. 14 Manual omission of selected ligands from the Fo-Fc electron density map at 1σ of the XFEL-and synchrotron-derived data. In each row, the electron density map is shown after refinement with (left column, white map) and without (right column, pink map) the ligand of interest. For the map where the ligand was omitted, the full model was placed back into the electron density for visual reference. The first row shows the Chl that is the initial electron acceptor in the electron transfer chain, "A0". The second row shows a β-carotene. The third row shows a 4Fe-4S cluster, FX. The fourth row shows a phosphatidyl glycerol molecule whose headgroup provides the axial ligand to the central magnesium of a Chl a.
